A declining rate filter operating through over flow control mode is proposed in this paper with a view to improving the overall performance of declining rate filters. Traditional declining rate filters have in-built self-adjustment of flow rates among the filters assisted with downstream orifice for flow control with limited flexibility for further adjustment. The proposed design allows the control of flow level and flow rates in individual filters, the water level in the over flow distributor tank and offers increased flexibility in responding to changes in filtration variables and optimising the overall performance of the filters. The design set up can also operate as constant rate filter through setting the water level in the distributor tank to the maximum.
Introduction
Filtration is an important treatment process employed in modern water treatment plants and is traditionally considered as the last physical unit process in the chain of multiple barrier system existing in water treatment for solids removal. Carryover of coagulated solids from sedimentation is removed by filtration [1] . Although not the last barrier for the removal of pathogenic organisms, filtration also assists in the removal of Giardia Lamblia and Cryptosporidium [2] [3]. The remaining pathogens are expected to be eliminated by the last barrier system for pathogens removal, namely, disinfection [4] . Filters do also have the capability of removing iron and manganese as contact media facilitating co-adsorption [5] . Filters operating in rapid mode (rapid sand filters) are common in conventional installations because of their low space requirements and provision for self-cleaning using the system of backwashing. They continue as component units of conventional water treatment installations despite the emergence of additional superior treatment technologies such as micro filters and ultra-filters [6] .
There are two commonly adopted modes of operation of rapid sand filters, namely constant flow rate and declining flow rate modes. Constant flow rate filters have uniform flow rate in all the filters throughout the stages of filter operation and operate in three possible modes [7] . In the downstream valve control mode of operation, the downstream valve is gradually opened while the water level in the filter remains constant. In the constant filter water level mode of operation, a water level rise in the filter in response to increase in head loss triggers a sensor that automatically adjusts the flow rate by opening the downstream valve further. Lastly, in the rising filter water level mode of operation, uniform flow splitting devices such as weirs are provided in which the flows are equally distributed among the filters while constant flow conditions in individual filters are maintained through proportional rise in water level in the filters as more head loss is developed during operation.
In rapid sand filters operating in the declining mode, the water level in all the filters stays the same and the filters operate with varying filtration rates. The water normally flows from the common channel and enters through each filter at a level that is set below the minimum water level [8] . This distribution of water to the filter to a common water level does not require any special uniform flow distribution device. The filter that is washed most recently carries higher flow rate whereas the dirtiest filter that has run the longest time carries the least flow [8] .
This means that, the flow rate within each filter progressively decreases from the maximum (immediately following backwashing) to the minimum (when the filter is dirty and needs to be taken off for backwashing). This mode of operation facilitates longer filter run as filters with clogged conditions are allowed to operate at low flow rates which will prevent the development of higher head loss.
Operation at low flow rate with associated low head loss development enables filters to continue operating for a longer period before they are taken out for cleaning.
Declining Rate Filtration and Their Performance
Declining rate filtration is a well-known filtration mode in which the water flow rate in an individual filter is allowed to drop over time. This mode of filtration acquired its name because of such decrease in flow rate with time. Operation of declining rate filters is different from the traditional constant flow rate filters in which the flow rate in a filter stays more or less constant throughout the run of filtration. By allowing the filtration rate to decrease with time, it is possible to A. T. Tiruneh et al. Journal of Water Resource and Protection achieve extended period of operation before a particular filter is taken out for back washing. As filters become lodged with deposits, their ability to accept flow and filter solids diminishes. Therefore, declining rate filter takes account of such limitation in performance and reduces flow rates in dirty filters so that they can continue operating with the same efficiency of filtration. The flow rejected by the dirty filters is distributed to the clean filters and because of this a minimum of four filters are required in order to run a filter system in declining mode enabling only moderate increase in filtration rate as result of sharing of the rejected excess flow during cleaning by the other three filters that are in operation. The minimum of four filters is also needed for another reason. It is possible to wash the dirtiest filter using the filtered water from the other filters. This arrangement of washing filters using effluent from the other filters avoids the need for more expensive backwash system [9] . The filtered water produced from the three filters that are in operation will provide enough volume of water for washing when the dirtiest filter is taken out for backwashing.
One advantage of declining rate filters is the absence of the need for special inflow splitting device or uniform flow distribution device for inlets to the different filters [10] . The filters are interconnected through a common inlet pipe that ensures that the water level is the same in each of the filters and flow to the filters enter below the minimum water level.
Mode of Operation of Declining Rate Filters
Declining rate filters operate with constant water level common to all the filters whereas the flow rate in each of the filters varies depending on the amount of solids accumulated in the filters. The water level rises during operation commonly for all the filters, the rise in water level is in response to the head loss build up among the different filters that are in different stages of operation [11] . The initial high flow rate through the most recently washed filter is restricted by providing a downstream orifice that responds with high loss in response to high flow rate tendency. Meanwhile, this same orifice located in the dirtiest filter has low head loss and would not inhibit the flow in this particular filter. Alternatively, head loss control can be provided through downstream valve with the attendant problem of constant operational attention and flow disturbance.
Declining rate filters require a minimum of four identical filters. The inflow to the filters should be located below the lowest water level so that all the filters operate at the same water level. The head loss through the pipe work is negligible [12] . The water level following backwashing of one of the filters immediately 
Filter Flow Control in Declining Rate Filters
Declining rate filters have two modes of flow control. In the first mode of flow control, the water level rises from the minimum following backwash of the dirtiest filter to the maximum when another filter need to be taken out for backwashing [13] . This mode of operation is easier as the flow rate is kept constant through rise in common water level in the filter. However, it requires additional wall to be built up to allow for rise in water level as the filter head loss increases.
In the second mode of operation, the outlet weir level is lowered following increase in head loss whereas the water level in the filters remains more or less constant. This mode of operation is difficult requiring periodic adjustment in response to head loss build up.
Filter flow control through declining mode does not require any further adjustment than the static provisions in the form of downstream flow restricting orifices. On the other hand, compared to filters operated by downstream flow regulators, there is an economic advantage to be gained while at the same time maintaining comparable quality of filtered water [15] . The flow-restricting device is designed in such a way that the maximum hydraulic load (flow rate) in each of the filters does not exceed 1.5 times the average flow rate [8] .
Head Loss Development in Declining Rate Filters
In declining rate filters, the initial head loss following backwashing of the filters is largely due to the flow-restricting orifice that is provided downstream for the purpose of limiting high flow rate that results in deterioration of water quality.
This head loss is turbulent. Therefore, the head loss is proportional to the square of the flow rate. On the other hand as the filtration progresses towards the end of the filter run, the head loss will be largely due to solids build up in the filter,
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which is inherently a laminar head loss [11] [16] [17] . At this time, because of the low rate of filtration, the head loss in the flow-restricting orifice will be comparatively low. This mode of head loss transition from turbulent to laminar head loss has the advantage of lowering the hydraulic load as the filters become dirty as laminar flow vary only linearly with the flow rate.
When dual media filtration is used, such as a combination of coarse anthracite at the top and silica sand at the bottom, greater change in head loss occur in the anthracite media as a result of the proportionally greater amount of solids deposited on the coarser anthracite media. This observation may be similar to the ones observed in constant flow rate filters but can be a critical factor in the increase in turbidity at later stages of operation after the anthracite is clogged because of the fact that the sand may have limited solids storage capacity [18] .
Filtered Water Quality
In terms of water quality, declining mode of operation has been observed to result in improved filtered water quality because of better distribution of solids achieved through reduced filtration rate. When the filtration rate is high, one part of the sand bed gets too much of the solids and gets clogged resulting in significant head loss before the remaining portion of the sand is able to deposit solids. This uneven distribution of solids results in loss of efficiency of performance and lowered filter runs [15] [19] .
According to Marzec and Dobrowski [20] , operation of rapid sand filters under different raw water turbidity did not materially alter the flow rates prevalent in the different filters as long as the water level following backwashing of one of the filters stays the same. This indicates that under stable operational conditions in terms of water level being the same following filter backwashes, variation of raw water quality does not seem to have significant effect on the distribution of flow rate among the different filters operating in declining mode. On the other hand, the same researchers indicated that the filtered water quality as well as the filter run times was significantly affected by variation in the raw water quality directed to the filters operating in declining mode. On the other hand, environmental variables such as seasonal changes in water temperature could not be regulated by the same self-controlled flow mechanism present in declining rate filters necessitating different and potentially tedious adjustment procedure. This is one of the drawbacks of filters operating in declining mode [21] .
Number of Filters Operating in Parallel
When the number of filters operating in declining mode increases, there will be improvement in filtered water quality because of the improvement of filtered water turbidity as filtration progresses. In effect, the loss in the filtrate quality of the fresh filters will be compensated by the improved filtrate quality of the filters operating at low filtration rates. Larger plants may have their number of filters exceeding 30 favouring this marked improvement in filtrate quality [22] .
Comparison of Performances of Constant and Declining Rate Filters
Constant flow rate filters often require frequent backwashing due to the limited filter run time because of rapid head loss development and deterioration of filtrate quality. Such frequent backwashing results in disruption of the filtration process as well as requiring increased volume of water required for backwashing. Declining rate filters reduce the frequency of disruption by allowing longer filter run while at the same time minimizing the amount of water needed for backwashing per a given time [23] . Past studies also demonstrated that, despite the initially high flow rate through backwashed filters, the filtered water turbidities were comparable with those of constant rate filters [19] [24] . There are, however, few-apparently contradictory-claims and counter claims cited in the literature regarding some of the advantages associated with the operation of declining rate filters. For example, it helps to look at the research conducted by the American Water Works Research Association [7] . The research study found little difference between the two modes of filtration in terms of flow disturbance, turbidity increase and overall cost. Both modes of operation were recommended with the only difference stated being ease of operation; the advantage lying with operation of declining rate filters.
On the other hand, Perera et al. [18] found out that declining rate operation produced, in general, better filter performance with improved filtered water turbidity and improved head loss conditions. The improved performance in terms of head loss is attributed to better redistribution of solid (solids penetration) that is achieved with declining mode of operation.
Optimisation of Filter Performance
In studies related to performance of declining rate filters, the total water flow flittered and the maximum allowable water level are considered constant (given). The variables considered in the optimisation process include: Filtration rate, medium size, inflow water quality, filter run, minimum water level, downstream head loss control, number of filters, etc. [13] 
Why Choose Declining Rate Filters?
Declining rate filters offer an economical advantage of producing more water per filter run because of the privilege of extended period of operation of individual filters at declining filtration rates [7] . In addition, cleaning frequency is reduced in declining rate filters with less interruption in filter operations and less water used for backwashing [25] . Better-filtered water quality is produced for settled water after coagulation as well as coagulated water intended for direct filtration. Less hydraulic load is needed in the operation of declining rate filters [8] . On the other hand, in constant rate filters, extended time of backwashing and the resulting lost time of filtration need to be compensated for by provision of extra filter capacity so that the same desired flow-through can be maintained [26] .
Drawbacks with Design and Operation of Declining Rate Filters
Declining According to Murat et al. [28] , a study of the impact of initial water quality and flow rate in declining rate filters revealed that the ratio between the maximum and minimum filtration rates among the different filters decreased when the flow rate in the system increases. Such reduction in filtration velocity ratio results in reduced efficiency of flow redistribution among the different filters, 
Addressing the Problems of Operation of Declining Rate Filtration
Declining rate filters have a number of problems related mainly to their lack of operational flexibility and sudden fluctuation of flow rate in response to backwashing of the filters. There will be deterioration of water quality at high initial flow rate of the filters following backwashing as well as during backwashing operations. The sudden change in flow rate also has an effect on solids deposition in filter media and can potentially upset filter performance through dislodging of deposited solids. Declining rate filters can require major structural readjustment whenever the flow rate changes or the raw water quality changes or in response to changes in environmental variables such as seasonal temperature variation. This is not simple and routine task since structural adjustments such as changing the operating water level, surface area of filters and number of filters that are necessitated by change of environmental variables require major physical alterations to the original filter design. Because of the same water level commonly prevailing in all the filter beds, the distribution of flow rates among the filters can be less than optimum whenever the design variables change such as the overall flow rate or the coagulant dosage. This is apparently lack of flexibility that is inherent in declining rate filters. The self-control adjustment of flow rate in response to head loss development through orifices in declining rate filters does not work for changes in environmental variables such as temperature difference that are routinely observed between different seasons since the orifice does not respond to changes in temperature [23] . There is, therefore, a need to consider an alternative setup such as this proposed overflow-controlled dynamic filter system to investigate the possibility of adaptation to changes in design variables without making major structural adjustment to the filter.
The Concept of Overflow Controlled Declining Rate Filtration
In order to overcome such inherent problems with the operation of declining rate filters and to provide a more dynamic operational condition for optimising the performance, a concept of overflow-controlled variable rate filtration is pro- This can be observed from the differential rate of change of flow rate with respect to change in water level in the distributor tank shown in Equation (2):
For example, when increase in coagulant dosage necessitates reducing the ratio of maximum to minimum filtration rates among the filters, this can be achieved by increasing the water level in the over flow tank. This will redistribute the flow from the cleaner filter to the dirtier ones. Conversely, because of increase in plant flow rate in response to increase in demand, the resulting decrease in the ratio of maximum to minimum flow rates can be counteracted by lowering the water level in the distributor tank, an action that will take flow away from the dirtiest filters and redistributes it to the cleaner filters.
In addition, the normal water level of operation in the distributor tank can be fixed in accordance with head loss characteristic of the orifice and laminar flow in the filter media. It is possible to study these characteristics in order to come up with optimal level of water in the distributor tank and optimum orifice size restricting flow in each of the filters.
As is normal with the operation of declining rate filters, the inlet flow distribution in this new filter system does not require special provision for uniform flow distribution, the same advantage achieved in the traditional declining mode of filtration. The settled water is directed towards the overflow tank from which water flow to the different tanks depending on the level difference that exists between the water level in the overflow tank and that of the water level in the individual filters as explained above.
Benefits and Outcomes of the Proposed Design of Overflow Controlled Declining Rate Filtration
The proposed design concept, which is based on overflow control of declining rate filtration, is expected to resolve some of the operational problems related to 
Possibility of Running the Filters in Constant Filter Rate Mode
Apart from providing increasing flexibility in design and performance, the proposed model through over low control allows the filters to run in constant rate filtration mode. It is, therefore, possible to label the proposed design a dual mode filter enabling operation both in constant rate or declining rate modes. In order to set up the model to operate in constant flow rate mode, the maximum water level in the overflow distributor tank is set to a level higher than the maximum allowable water level rise just before back washing. If the water level in the over flow distributor tank is set to such level higher than the maximum water level rise in the filters, it means that there will be no over Figure 2 ). The orifice holes provided through the overflow tank wall provide means for uniform flow distribution among the filters. In this mode of operation, the upstream valves (will be closed) and the orifices that were connected with the declining mode are idle.
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Conclusions
The proposed design concept of overflow controlled declining rate filtration addresses the bottlenecks of existing declining rate filtration such as lack of flexibility to changes in filter variables with an in-built in self-operating mechanism, flow rate fluctuation and rise of water levels during washing. On the other hand a decrease in coagulant dosage can be counteracted by decreasing the water level in the overflow tank there by maintaining a greater difference between the maximum and minimum flow rates among the different filters. Similarly, lowering the water level in the overflow distributor tank assists in counteracting increased water flow rates due to increase water demand which tends to decrease the ration between the maximum and minimum flow rates among the different filters. The proposed setup can also run as constant rate filters by setting the water level in the over flow distributor tank to the maximum and letting the flow pass through the bypass line that is provided with uniform flow distribution orifice holes at the tank walls and valves for isolating each filter.
The overall advantage of this proposed set up to water treatment plants would be stable filter performance in response to changes in filtration parameters, and flexibility in adjusting filter performance to satisfy desired standards of operation such as filter run length, flow rates and water quality. Moreover, economical Journal of Water Resource and Protection as well as optimal performance can be realized through greater filter run, reduced filter washing frequency and reduced capital cost of the filter setups required of this technology.
